Phases of matter are usually identified through spontaneous symmetry breaking, especially regarding unconventional superconductivity and the interactions from which it originates. In that context, the superconducting state of the quasi-two-dimensional and strongly correlated perovskite Sr 2 RuO 4 is considered to be the only solid-state analogue to the superfluid 3 He-A phase 1,2 , with an odd-parity order parameter that is unidirectional in spin space for all electron momenta and breaks time-reversal symmetry. This characterization was recently called into question by a search for an expected 'split' transition in a Sr 2 RuO 4 crystal under in-plane uniaxial pressure, which failed to find any such evidence; instead, a dramatic rise and a peak in a single-transition temperature were observed 3,4 . Here we use nuclear magnetic resonance (NMR) spectroscopy of oxygen-17, which is directly sensitive to the order parameter via hyperfine coupling to the electronic spin degrees of freedom, to probe the nature of superconductivity in Sr 2 RuO 4 and its evolution under strain. A reduction of the Knight shift is observed for all strain values and at temperatures below the critical temperature, consistent with a drop in spin polarization in the superconducting state. In unstrained samples, our results contradict a body of previous NMR work reporting no change in the Knight shift 5 and the most prevalent theoretical interpretation of the order parameter as a chiral p-wave state. Sr 2 RuO 4 is an extremely clean layered perovskite and its superconductivity emerges from a strongly correlated Fermi liquid, and our work imposes tight constraints on the order parameter symmetry of this archetypal system.
). In the presence of SOC, spin is no longer a good quantum number. Although SOC is relevant to Sr2RuO4 (ref. 26 ), the presence of an inversion centre and time-reversal symmetry in its normal state leads to the conclusion that spin-orbit effects are important only near regions of accidental band degeneracy, which occupy a small fraction of the Brillouin zone, away from areas where the DOS is maximized. Consequently, taking SOC into account will not substantially affect the magnetic responses listed in the fifth column. χN is the normal-state spin susceptibility.
Letter reSeArCH B c2 is the upper critical field), whereas for the widely proposed E u state (Table 1) , K s = AM s (B 0 )/B 0 (usually written as the product of a hyperfine coupling A and spin susceptibility χ, K s = Aχ, this more general definition allows for a nonlinear response) remains unchanged from the normal-state value. Summarizing the findings, the onset of superconductivity leads to a substantial drop in M s for all strains measured; the zero-strain results are therefore in disagreement with those reported previously 5 . We describe a series of tests that, we believe, account for this discrepancy. Whereas M s remains non-zero for T → 0, quasiparticle creation occurs for several possible reasons in applied fields of B 0 ≠ 0. No evidence for a change in ground-state symmetry is observed as the strain is varied over the interval ε aa = [0, ε v ]. The crystal structure of Sr 2 RuO 4 is identical to that of the undoped parent compound of '214' copper oxides, La 2 CuO 4 . Likewise, the states at E F are predominantly of d character; here they derive from hybridization of Ru t 2g and O π orbitals. Extended Data Fig. 1a depicts the orbitals dominating the γ band, associated with the Ru, O(1) and O(1′) sites. The O(2) sites are in the apical positions, symmetrically above and below the Ru site. Throughout this report, the magnetic field B 0 is parallel to b because out-of-plane field components suppress B c2 . On stressing the sample, the relevant response is the resulting asymmetric strain ε aa − ε bb ; only ε aa is noted here.
Because magnetic fields lead to quasiparticle spin polarization, the ideal experiment has an applied field of B 0 ≪ B c2 . Nuclear-spin polarization, on the other hand, favours the largest field possible. For guidance in the choice of experimental parameters, we determined B c2 (ε aa ) (shown in Fig. 1 ; see Methods for procedure and uncertainties). B c2 is maximized at ε v , coincident with T c max , and its value (4.3 ± 0.05 T) is within a few per cent of that (4.5 T) reported in ref. 4 . The reduction could be a result of a small misalignment (of the order of 1°) from the in-plane condition 14, 21 . The minimum value is B c2 (ε aa ) = 1.32 ± 0.05 T, identified by extending the measurements to tensile strains ε aa > 0.
The temperature dependence of the 17 O central transition frequencies for the three sites was measured at ε aa = ε v , where B c2 is largest, at B 0 = 1.9980 T. The resulting spectra, shown in Fig. 2 , reveal pronounced changes in the Knight shift, K, upon decreasing the temperature through T c (B 0 ). Because the orbital shifts are relatively small, the frequencies corresponding to K = 0 (vertical dashed lines) are attributed to quadrupolar effects 19 .
Because the normal-state Knight shifts are K 1b < 0, K 1′b > 0, the changes observed for T < T c in Fig. 2b correspond to a drop of 20-30% in M s , which is qualitatively different from the zero-strain results 5 . We note that the shifts K ∝ M s /B 0 remain non-zero for T → 0, where field-induced quasiparticles are probably relevant at the relatively high fields (B 0 /B c2 ≈ 0.45) used in the measurement. In addition to the contributions from vortex cores, two other sources of local fields should be considered in the context of gap nodes or deep gap minima: the Volovik effect 22 and Zeeman coupling, both of which produce quasiparticles and the corresponding magnetic response.
The observed drop in M s upon entering the superconducting state under strained conditions invites a comparison to previous zero-strain experiments, where the lack of reported decrease in M s constituted a cornerstone of the case for a chiral p-wave order parameter. Therefore, we carried out measurements covering the entire interval ε aa = [0, ε v ], and the results were found to depend on the details of NMR pulsing. With this important observation in mind, a re-examination of the shifts for ε aa = 0 is presented first. Upper critical field B c2 (T → 0, ε aa ), determined by a.c. susceptibility measurements on a uniaxially strained Sr 2 RuO 4 single crystal at a base temperature of T = 20 mK. The increase of B c2 with compressive strain peaks at ε v , thus closely following the trend of the critical temperature T c (ref. 4 ). Inset, strain gradients δε aa become more pronounced at higher strain, reaching about 0.1ε v at the van Hove singularity (details in Methods).
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In Fig. 3 we present spectra collected with no applied stress, following various pulse excitations. The applied field is B 0 = 0.7107 T, similar to the 0.65 T field used in ref. 5 , and the temperature of the mixing chamber is T MC = 20 mK. We note that from Fig. 1 , B 0 /B c2 (ε aa = 0) ≈ 0.55. As above, the three spectral lines shown are the central transitions for O(1), O(2) and O(1′), from low to high frequency. The top trace of Fig. 3a corresponds to the normal state at T = 1.8 K, collected using a standard two-pulse spin echo sequence. The remaining spectra were all recorded at a base temperature of 20 mK and transformed from transients following single-pulse excitations of variable time durations. We note that the single-pulse sequence is much less constraining than the two-pulse spin echo regarding the amount of energy transmitted. These are ordered in Fig. 3a from bottom to top with increasing pulse energy. Figure 3b depicts the shifts versus the pulse energy E; the variations are approximately linear for smaller energies and saturate near the normal-state values for higher energies.
It is tempting to assign the evolution of K versus E to 'instantaneous' sample heating, such that the spectra are recorded while T > T c (B 0 ). Indeed, eddy currents resulting from the high-amplitude radiofrequency pulses provide a mechanism for absorption. Moreover, the heat capacity vanishes continuously in the limit T → 0. Consequently, a larger temperature increase results from a given amount of energy dissipated at lower temperatures. We note that a check of the nuclear spin-lattice relaxation time T 1 is usually insensitive to such an effect, because the timescales for T 1 and electronic thermal relaxation are so different, T 1 ≫ τ th . Therefore, it is possible that the spectra recorded following high-energy pulses correspond to those of the normal state, whereas the T 1 results correspond to the superconducting state. For insight into the thermal conditions imposed by the radiofrequency pulses, time-synchronous measurements of the power reflected from the tank circuit were carried out. A summary of the conditions is as follows: a radiofrequency pulse (or sequence), such as that used for the NMR excitation, 'pumps' the system. It is followed by a low-power radiofrequency probe, and the reflection is phase-sensitively detected using the NMR receiver. In this way we study the temporal changes in the reflected power, which depends on the sample response to the radiofrequency. We note that this is equivalent to an a.c. susceptibility measurement and relates to radiofrequency shielding. Comparisons to the normal state are possible by measuring also the field dependence, including at B 0 > B c2 , or by warming to T > T c (B 0 = 0).
Our results for the in-phase and quadrature components of the reflected power are shown in Fig. 4 , where the applied pulse energies cover the range used for the NMR measurements. We note that the overall phase is arbitrary. For sufficiently high-energy pulses, the recovery to a steady state takes place via a two-step process. By comparing to similar measurements carried out in varying fields (see Methods and Extended Data Fig. 4 ), our interpretation is that the sample under study is initially responding as though it is in the normal state; this lasts for about 100 μs. A second, longer period of relaxation (of the order of 1 ms) occurs within the superconducting state. The longer time is A short radiofrequency pulse of duration d 1 is applied at time τ = 0, followed by a low-power time-resolved continuous wave measurement of the phase-sensitive NMR power reflected from the tank circuit, which is a radiofrequency equivalent to a complex a.c. susceptibility measurement. The data are presented for different pulse energies. Both the in-phase and quadrature parts of δρ T are strongly impacted at short times τ and for larger pulse energies. No similar time dependence is observed when the sample is initially in the normal state.
probably due to a changing vortex structure and motion. No such time dependence is observed if the sample is initially in the normal state.
To summarize the results presented so far, the experiments indicate a reduced spin polarization upon entering the superconducting state at zero strain and at ε v , with field strengths relative to the upper critical field of B 0 /B c2 = 0.55 and 0.45, respectively. An important question is whether there is any indication of a change in order parameter symmetry between these limiting cases. To that end, spectra from normal and superconducting states were recorded for strains covering the interval ε aa = [0, ε v ] (see Extended Data Fig. 5 and Methods). The superconducting state data, collected at fields of 0.7107 T and 1.1573 T, vary continuously, with no discernible shift in M s . Given that one route to a symmetry change is a first-order phase transition, these results, when combined with the smooth variations of B c2 (Fig. 1 ) and the previously measured T c (ref. 4 ), suggest that this possibility is unlikely.
The key experimental finding reported here is that at all applied uniaxial pressures, the spin susceptibility deduced from our Knight shift measurements is substantially suppressed at 20 mK compared with the normal-state value. Therefore, for unstrained samples this result is inconsistent with the previously considered = ± k ik d z( ) x y order parameter or indeed any odd-parity state with an out-of-plane d. Because such order parameters have been widely postulated to be relevant to Sr 2 RuO 4 for over twenty years, this represents a major advance in our understanding of this exemplar of unconventional superconductivity.
Although we can rule out specific odd-parity order parameters of the type described above, we cannot rule out all odd-parity states on the basis of our NMR data alone. In Table 1 we present a summary of the expected changes in Knight shift for symmetry-allowed order parameters in Sr 2 RuO 4 . A partial drop of the spin susceptibility is predicted in some cases; therefore, the magnitude of the observed drop is important. The uncertainty in estimating the quasiparticle background signal at B 0 /B c2 ≈ 0.5 also means that we cannot definitively distinguish odd-parity order parameters with in-plane d vectors (such as the A 1,2u and B 1,2u states in Table 1 ) from even-parity states at all measured strains. By reducing the measurement field to 0.7107 T, we obtain a 75% drop in the Knight shift at ε aa = ε v (see Extended Data Fig. 5 ). If all of that drop could be attributed to the spin susceptibility, it would indeed rule out all the triplet states listed in Table 1 . For the unstrained samples we observe a maximum reduction in Knight shift of approximately 50%-not inconsistent with A 1,2u or B 1,2u symmetry. We believe that further work on larger samples with higher concentrations of 17 O will allow us to determine whether the true reduction is more than 50% in the unstrained case. We note that reconciling the implications of our results with independent observations of TRSB would require some fine-tuning or unusual physics. For instance, one may consider a situation in which the A 1u and B 1u states happen to have nearly identical transition temperatures. In that case, one may imagine the formation of distinct domains-some stabilizing the A 1u state and others the B 1u state, and with non-trivial relative phases between them-resulting in TRSB associated with the domain walls. Because NMR is a local probe, domains of this kind would generally produce distinct line shapes, which we do not observe. In the even-parity sector, the tetragonal crystal field prevents in-plane paired states, such as − d x y 2 2 and d xy , from having the same T c , so the only plausible TRSB order parameter would be of the form d xz ± id yz (ψ chiral in Table 1 ), an exotic state with Cooper pairing between electrons in adjacent planes. For any bulk TRSB state, however, transition splitting under uniaxial pressure is expected. Because a split transition has not yet been observed, either in our work or elsewhere 23 , extending TRSB-sensitive measurements to strained Sr 2 RuO 4 is a priority for future work. Overall, these are exciting times for research on Sr 2 RuO 4 , with the promise of a fundamentally different framework with which to understand its superconductivity.
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MeThOdS
Experimental. The geometry of the experiment is shown in Extended Data Fig. 1 . The crystal structure consists of layers of corner-sharing O octahedra with Ru ions at the centre of each octahedron. In Extended Data Fig. 1a , we illustrate the planar coordination (at the Y point of the Brillouin zone) of hybridizing Ru and O orbitals that dominate the quasi-two-dimensional γ-band character. An in-plane magnetic field B 0 ∥ b yields inequivalent O(1) and O(1′) sites with distinct Knight shifts. Uniaxial deformation along the a axis pushes the γ states at E F towards the Brillouin zone boundary (Extended Data Fig. 1b) , giving rise to a van Hove singularity in the DOS 4, 19 .
The high-quality single-crystalline Sr 2 RuO 4 used for these measurements was grown by the floating-zone method as described elsewhere 8 . Smaller pieces were cut and polished along the crystallographic axes with typical dimensions of 3 × 0.3 × 0.15 mm 3 , with the longest dimension aligned with the a axis. Spin-labelling of the 17 O isotope (nuclear spin 17 I = 5/2; gyromagnetic ratio, 17 γ n = −5.7719 MHz T −1 ) 27 was achieved by annealing in 50% 17 O-enriched oxygen atmosphere at 1,050 °C for two weeks 5 . The sample quality after annealing was confirmed by specific-heat measurements, which showed T c ≈ 1.5 K-essentially the same as before annealing 19 .
A piezoelectric-type strain cell (Razorbill) was employed to generate the uniaxial stress and corresponding strain distortions along the a axis. The sample was mounted between clamping plates using black Stycast 2850 (Loctite) with an effective compressive length of about 0.9 mm. The strain values ε aa estimated using a pre-calibrated capacitive dilatometer showed considerable systematic overestimation. Previous estimates gave ε v ≈ −0.6%. For the NMR measurements, a small coil of ~23 turns was made around the sample with 25-μm Cu wire. In Extended Data Fig. 1c we show the sample mounted in the strain cell, where ε aa ∥ a and B 0 ∥ b. The NMR coil was wrapped around the free part of the crystal, thus covering only the non-glued area that was subject to uniaxial stress. More information on strain-dependent NMR experiments on Sr 2 RuO 4 can be found in ref. 19 .
The NMR measurements were performed using a standard spin echo sequence with an external magnetic field parallel to the b axis. Two samples were measured, denoted as S1 and S2. S1 was measured at fixed strain ε aa = ε v = = . is the quadrupolar term. Here, h is Planck's constant, = Î Î Î Î ( , , )
x y z is the nuclear spin operator, Q is the nuclear quadrupole moment, e is the electron charge and η = (V xx − V yy )/V zz is the asymmetry parameter, with V xx , V yy and V zz being the components of the electric-field gradient tensor. For the magnetic fields used in this work, the calculated corrections for different 17 O sites are listed in Table 2 . Upper critical field measurements and estimation of strain gradients. As summarized in Fig. 1 , the upper critical field B c2 is determined at a base temperature of T MC = 20 mK by measuring the field dependence of the power reflected from the NMR tank circuit. Specifically, the frequency is set close to the optimal tuning and matching condition of the NMR circuit. Variations in the reflection coefficient δρ T relate to changes in the complex load impedance. Consequently, the measurement is equivalent to an a.c. susceptibility experiment and is sensitive to screening current changes that occur, for example, when the system is driven from the superconducting to the normal state by the magnetic field. B c2 is taken as the steepest slope at the transition midpoint, that is, the maximum of d(δρ T )/ dB 0 (Extended Data Fig. 2a, b) , for the respective strain potential bias, U Piezo . The uncertainty in determining B c2 is taken as the half width of d(δρ T )/dB 0 , for example, B c2 = 4.3 ± 0.05 T at ε aa = ε v . The 'onset' and 'lower end' values are defined as the kinks in the derivative d(δρ T )/dB 0 above and below B c2 , respectively. The superconducting transition exhibits considerable broadening with increasing compressive strain ε aa . To model the apparently smeared transition, we assume a Gaussian distribution of strains and use the resulting distribution in B c2 to generate the solid magenta curves in Extended Data Fig. 2 . The curves shown correspond to strain variations of 10% of the normalized value, ε aa /ε v (see inset of Fig. 1 ). This approach provides a self-consistent method for estimating the relative importance of strain distributions and suitably describes our observations. Assessing the zero-strain position. The zero-strain condition attributed to the spectra shown in Fig. 3 is determined by taking the minimum in B c2 as a proxy. We note that because there is differential thermal contraction between the strain device and the sample, the strain-free condition needs to be assessed in situ. This determination is carried out in two steps. First, for a range of discrete positive and negative values of piezo bias U Piezo around 0 V, B c2 (U Piezo ) is determined by using field sweeps and recording the reflected power, as for the measurements in Fig. 1 and Extended Data Fig. 2 . Example sweeps are shown in Extended Data Fig. 3a , b, from which the minimum is found to be near U Piezo = 0 V. A more accurate determination is made by first setting the initial field to B c2 (U Piezo = 0 V), that is, to the transition midpoint, as shown in the inset of Extended Data Fig. 3c . Then, changes in reflected power are recorded by sweeping U Piezo about zero. Here again we find the zero-strain condition to be indistinguishable from U Piezo = 0 V. Thus, our experiments at low pulse energy indeed probe the superconducting properties of Sr 2 RuO 4 at zero strain. Time-synchronous reflected-power response. Our interpretation of the time-synchronous reflected-power measurements was aided by comparative measurements carried out in variable-field conditions, with the goal to contrast normal-and superconducting-state responses. The results are shown in Extended Data Fig. 4 , where the applied pulse energies cover the range used for the NMR measurements. Extended Data Fig. 4b shows a measurement of the power reflected from the NMR tank circuit as the magnetic field is varied to a strength exceeding B c2 . The jump at 1.3 T corresponds to the transition to the normal state. The evolution at lower fields is presumably associated with the response of a changing vortex structure, including density and characteristic length scales. The vertical dashed line indicates the field used for the measurement of the spectra shown in Fig. 3 , B 0 = 0.7107 T. Both the in-phase and quadrature components of δρ T show a pronounced time dependence for large pulse energies. Our interpretation is that the sample under study is initially responding as though it is in the normal state. The relaxation back to the static superconducting state that is appropriate for the applied field occurs via a two-step relaxation process. First, it is in the normal state for τ ≤ 100 μs, followed by a slower relaxation of a few milliseconds while in the superconducting state. The horizontal dotted lines in Extended Data Fig. 4 indicate the values of δρ T (B 0 ) right above and below the superconducting transition, as well as the static state at 0.7107 T. The longer relaxation time is probably due to changing vortex structure and motion. No such time dependence is observed if the sample is initially in the normal state. Strain-dependent NMR shifts. The results of the strain-dependent studies of the NMR Knight shifts are shown in Extended Data Fig. 5 , with data from the superconducting state depicted by open symbols (equilibrium temperature of 20 mK) and those from the normal state indicated by solid symbols (equilibrium temperature of 4.3 K) 19 . In addition to the results shown in Fig. 2 (green symbols; T = 20 mK, B 0 = 1.9980 T), two different fields are shown for each temperature. The suppression of the Knight shift in the superconducting state reaches about 80% for strain near ε v in the case of B 0 = 0.7107 T (blue). The effect of superconductivity weakens upon lowering the strain, as T c and B c2 both decrease. Because the spectra are generated by the standard echo sequence for these data, the pulse energies are large-about E ≈10 μJ, which is comparable to the top trace in Fig. 3 . Thus, the results at low and zero strain correspond to the normal-state shifts; this is very obvious in the results at 20 mK and 1.1573 T (orange), which deviate from the 4.3 K data only for ε aa > ε v /2. Although the reduction of K is generally more pronounced for 0.7107 T, these data also approach the normal-state values when ε aa → 0. Evidently, the impact of the pulse energy decreases when the sample is strained because T c increases and the heating effect is not sufficiently strong to drive the crystal to the normal state. The results appear to vary continuously with applied field and strain, hence they provide no indication of a first-order phase transition between different superconducting order parameter symmetries.
